Cell-to-cell transcription variability as measured by single molecule RNA FISH to detect epigenetic state switching

Introduction
Since its conception in 1982 [1] , single molecule RNA fluorescent in situ hybridisation (smRNA FISH) has grown to become an indispensable tool for cellular biologists worldwide, allowing visualization and quantification of individual RNA molecules within individual cells and tissues. Following fixation and permeabilisation of the cells, a set of tiled fluorescently labelled oligonucleotide probes is introduced, each of which has specificity for a given section of a target transcript. In this way, many probes are capable of binding each transcript, giving a strong fluorescence signal per RNA molecule that is significantly higher than the background generated by unbound residual probes. These bound transcripts can then be imaged using conventional wide-field or confocal microscopes [2] (see Figure 1 ). For analysis of tissue slices that are only a few µm thick, wide-field microscopy might provide suitable signal detection, but for quantitative analysis of single RNAs in single cells (which requires nuclear and cytoplasmic volume and transcript measurements), it is essential to use confocal microscopy imaging [3] .
Besides removing the need for reference genes, which themselves could be influenced by treatment conditions, the primary benefit of using smRNA FISH is the ability to assess the heterogeneity in gene expression at the RNA level across cell populations. The mild procedure and imaging based approach allows researchers to measure fluorescent protein expression or antibody labelling simultaneously with smRNA FISH. These features make smRNA FISH in single cells an attractive technique for researchers interested in studying cellto-cell variability of transcription and cellular decision making based on cell heterogeneity. Additionally, it is now possible to measure the expression of other RNA species, such as long non-coding RNAs [4] , and even enhancer RNAs [5] , making it attractive for those wishing to explore the expression of these species.
Epigenetic gene regulation plays a major role in establishing and maintaining cell lineagespecific transcriptional programs, while allowing changes in gene expression to environmental cues. It is also well accepted that many diseases are associated with an altered epigenetic landscape and since epigenetic regulation is in principle flexible and reversible it opens unique opportunities for (therapeutic) intervention. With the emergence of epigenetic editing techniques capable of making site specific epigenetic alterations, smRNA FISH becomes and incredibly powerful tool with which to study the subsequent transcriptional changes.
There is a clear need to unravel the impact of epigenetic plasticity in health and diseased conditions to advance epigenetic intervention in clinical settings [6] . Understanding how dynamic epigenetic interactions emerge and contribute to biological functionality in single living cells is still largely unknown which is in part due to the complex nature of the epigenome. SmRNA FISH allows one to determine the precise relationship between transcript numbers and the epigenetic chromatin composition [7] . Quantitative sampling of single transcripts at single cell level in combination with stochastic modelling in an altered epigenetic context (either experimentally induced or endogenously altered) opens-up an unexplored field of research with great potential towards individualized behaviour and precision medicine [8, 9] .
Materials
Probe storage
1. TE buffer: 10 mM Tris-HCl, 1 mM EDTA, pH 8.0.
2. 0.5 mL amber microcentrifuge tubes.
Fixation and permeabilisation
1. 2-well culture chamber glass slides (see Note 1). 3. Aliquot this probe stock solution into 0.5 mL amber microcentrifuge tubes and store at -20 °C till required (see Note 4).
Fixation
Fixation and permeabilisation
1. Transfer cells to a 2-well culture chamber glass slide and allow to adhere (see Note 5).
2. Gently remove the media and wash with 1 X PBS.
3. Add 1 mL of fixation buffer to each well and incubate at room temperature for 10 minutes.
4. Wash twice with 1 mL of 1 X PBS. 16. To ensure that the spots detected in the images are true signals, we recommend performing a control experiment where 0.1 mg/mL RNase A is added to the cells for at least an hour at 37 °C prior to hybridisation (see Figure 2 ).
Permeabilise cells in 1 mL
Image analysis
We perform image analysis using custom MATLAB scripts (unless stated differently) adapted from Raj et al (2008) [10] and Kempe et al (2015) [3] . Other image analysis software is also possible. Here we will briefly describe the steps to take:
1. Convert and split the resulting ND2 file into TIFF files using ImageJ. Every stack imaged should have one corresponding TIFF file.
2. Filter images with a semi-three-dimensional Laplacian of Gaussian filter to remove noise and enhance the signal-to-noise ratio. The size of the filter can be adjusted depending on the size of the observed spots (see Figure 3 ).
3.
Apply a threshold to the filtered images and count the number of spots above this threshold. Iterate this for all threshold values and plot against the number of spots counted for each iteration. The threshold should be set where the total number of mRNAs counted is least sensitive to any changes in the threshold i.e. at the plateau (see Figure 4 ).
If investigating mRNA expression per cell, transcript concentration has been shown
to be a more reliable readout. This can be calculated by defining any region with a DAPI signal or probe signal as being intracellular. Convert this region in voxels to a volume by multiplying by the voxel size (see Note 11).
Notes
1. While any glass slide can be used, we generally use 2-well culture chamber slides and so all methods have been given for one chamber of a 2-well slide.
2. If you do not want to purchase the Stellaris® Hybridisation buffer, you can make your own, consisting of 100 mg/mL dextran sulfate, 2 mM vanadyl-ribonucleoside complex, 0.2 mg/mL RNAse-free BSA, 1 mg/mL E. coli tRNA, 2 x SSC and 10 % formamide.
If you do not want to purchase the Stellaris® buffers A and B, you can make your own, consisting of 10 % formamide and 2 x SSC. Best results regarding signal-to-noise have been obtained using the complete Stellaris® buffer set.
3. Oligonucleotide probes can be designed using many tools, however we find the Stellaris® Probe Designer tool is the simplest, using the standard settings of masking level 5, oligo length 20, maximum of 48 probes and 2 nt spacing length. It is possible to design probes of varying number, length, specificity and spacing, and to select the fluorophore of your choice. It is important to avoid targeting repetitive elements and areas with a high GC content. Initial publications suggested that 48 probes were necessary for a satisfactory signal, however we and others have got a good signal from less than 30 probes [4] . The ability to use fewer probes is especially true for agglomerations of RNA, such as those found at active enhancers [4, 5] . With optimal imaging techniques and fluorophores the necessary probe number may decrease further.
4. It is very important to use amber tubes here, and to ensure that the probes are stored in the dark. Repeated freeze-thaw cycles and exposure to light will degrade the fluorophore and result in poor signals.
5. Cells should be left to adhere for a duration that is dependent on your cells. Some cells require less than an hour to adhere but others need much longer. If you are imaging single cells, it is important to leave cells to adhere for no longer than necessary since cell growth will reduce the chance of finding single cells on the slide. Fig. 1 Overview of smRNA FISH technique. Cells are fixed and permeabilised before the introduction of a set of fluorophore-bound probes. These probes will bind to the target transcript producing spots of high signal intensity, which can then be imaged using a confocal microscope [3] . 
